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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

ADVANCE RESTRICTED REPORT

PRESSURE LOSS IN DUCTS WITHE COMPOUND ELBOWS

By John Re Weske
SUMMARY

Results are presented of measurement of the pressure drop
in ducts produced by two equal 90° elbows arranged at three
different angular positions to each other, placed adjacent to
each other, or separated by straight ducts of various lengthse
The measured pressure drops have been analyzed and correlated,
and the results are summerized in the form of curves adapted
for design computations of pressure drop in compound-duct bends.

INTRODUCTION

" A program of systematic investigation of the pressure drop
end, in some cases, of the velocity distribution in compound
elbows was undertaken for the purpose of furnishing to the
designer of ducting systems in aircraft certain engineering
data required for the computation of pressure losses in these
systemse At the suggestion and with the financial support of
the National Advisory Committee for Aeronautics, the work was
undertaken at Case School of Applied Sciencee The design of
the ducts, the testing, and the computation of the results was
carried out by Frank E. Marble, Je Je Jacklitch, Jr., research
assistants and Donald W. Steel, instructor at Case School of
Appliecd Sciencee

APPARATUS AND EQUIPMENT
Testing Equipment
The layout of the test stand for the measurement of
pressure drop in compound bends is shown in figure 1 and a

photograph of the setup for a particular test is reproduced as
figure 2. '




Blowere = The equipment is powered by a type 35=-20 North
Americen centrifugal blower rated as follows:

Maximum speed, 3500 rnm
Quantity of flow, 5800 cubic feet per minute
Total pressure, 20 ounces per square inch

A measured performance curve of this blower at 3000 rpm is
shovn in figure 3a

The blower is driven by a dircet-current motor that may be
connceted to cither the 110-volt or the 220-volt direct=-current
laboratory eircuit, thus affording speed control of great accuracy
over a wide range and making it possible to extend the serics of
tosts over a counsiderable range of Raynolds numberse In a 6=
inch=disneter duct, for instance, it is possible to attain
Reynolds numbers of 1,0004000, hach numbers arc oS high as 0s3.

Still larger Roynolds numbers may be obtained by placing a
diffuscr at the outlet of the duct and thereby recovering &
sizeablc portion of the kinctic cnergy of thc stroome It hes
not been necessary to apply the diffuser for the prescnt
investigation because the capacity of the blower has been more
than adegnatee

Intake box and measuring orifices = The intake box is 36
by 36 inches in cross scection and 48 inches longe The rcar face
has & 23-inch-diameter opening with fairing in the box to
change from square to round. The outlet opening of the box is
placed tightly against the inlet opening of the blower, which
has a diameter cqual to that of the boXe

The quantity of flow is measured at the inlet side of the
blowcr by means of four exchangeablc sharp=-cdge orifices mountod
in the intake boxe These orifices arc symmetrically arrenged
on a circle about the axis of the boxs
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The diameters of the orifiices arec 4T_ inches, TEg inches, 632

inches, and 85 inches, Measurements of pressure drop are

obtaincd by means of a tap in the side wall of the intalo box,
located on the horizontal center plene, 1 inch downstroam of the
orificcss The acouracy of guantity measurement should be +1e5
percent according to refercence le




The amount of leakage of air in the fan and the adjoining
ducting was detormined in a spocial tests In this test the

outlet of the discharge ducting and the inlet wcre flanged off o S

and, with the blower standing still, air was forced into this
system by means of a vacuum~cleaner fan. Tho quantity of air
handled by the vacuum-cleancr fan was determined for various
static pressures produced in the systeme The results of these
measurcments showed that under normal conditions of operation
the amount of leakage, such as occurs at the shaft seal of the
blower, would not apprecisbly afi'cct the accuracy of measurcmente
Simultanéous determination of the quentity of flow from orifice
measuroments and from velocity-traverae measurcments at the
discharge of the plenum chomber gave results that agreed within
2 pcreente

Plenum chamber. = Connected to the discharge opening of the
blower there is & plenum chamber 48 inches long and

17% by 17% inches in cross scotions - A homeycomb section is mounted

inside the plenum chamber 24 inches from the fan outlete The
seotions of the honeycomb are 3/4 by 3/% by & inchcs deope Scroen
wire 18 mesh to the inch, l/lOO-inch-wirc diamecter, is instulled
10 inches downstream of the honcycomb to equalize the flow and
further to reducc the turbulencee Tho maximum velocity in the
plonum chamber is 30 feet per seconds The plenum chamber is

faired dovm to a cross scction of shapc and dimcnsions corres=-
ponding to those of the duct to bc tosted by a false structure
extending 12 inches upstrcam from the outlet and 2 nozzles The
nozzle, 4 inches in length, commects the outlet of the plenum
chamber to the duct and effects & gradual chunge of cross scction
to that of the ducte Tho contraction ratio of the transition
from plenum chamber to duct is 10:1l for ducts of a cross-sectional
area equal to that of a 6-inch-diamcter duct.

Traversing heade = A traversing head and a multitube mano=-
metor (figs. 4 to 6) were uscd to obtain the volocity distribution
in the 6~inch-diamoter duct. Wall taps were uscd to get
additional staticepressure measurcments in the planc of the
traversce The traversing head also had a rake of silk threads
for obscrvation of the direction of flow through windows
provided for the purposes This rake is arranged at right
anglcs to the tubes to minimize interfercnce with the flow past
the tubeses The traversing hesd can be rotated between its
flanges to obtain a number of diametral traverscse Records of
pressurc distribution were obtaincd by blueprinting the shadow
of the meniscusess
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Ducts and Elbows ‘

The straight ducts used in these tests of round and
clliptical cross section were madc of golvanized irone They
were joined together with flanges made of 3/4~inch plywoods
The straight ducts of square and rectangulur cross section
were made of white pine and plywood, which was varnished on
the insidec to close the pores and decroase the roughnosss Those
ducts worc also provided with flangess Procise olincment was
obtained by inscrtion into the flenges of brass dowcls, such as
arc used in patternmokings By this means deviation from alinemont
of the insidec walls is kept bclow 1/32 inch. Prcliminary tests
of both the clliptical and rectangular ducts of large aspect
ratio disclosed that they would distort under internal pressurcs
In order to prevent this distortion, frames werc mounted around
the ducts at intervals of 12 inches and the correct cross
scction was thercby maintained, within close limits, over the
entire length of the ducts

The elbows of round and clliptical cross scetion were carved
to templot from glued blocks of woods Their inside surface waes
rendered smooth by twe coats of shellac, of which the first ono
was rubbed down boforc application of the seconds The three
single clbows of circular cross section arc shown in figure To
The elbows of square and rectangular oross scotion wore made of
galvanizcd iron and werce prowvided with flangos on both cndse
(Sce fige 8e) The scams werc such that they lcft the inside
perfectly smoothe Those clbows, ms woll as the ducts of square
and rectangular cross section, had sharp corncrs without filletse
Dimcnsions of the clhows arc given in table I.
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TABLE I
DIMENSIQNS OF ELBOWS
s ‘ g z
; Cross | dth; Dinensions | Arce Mean [Radius
Elbowx sec= | Depthi s & rodins } ratio
' tion | | (in.) (sqe ine)! (ine)
! 1
T J i *
1 | Circu= | 4e5 ! 0475
SRR Redius 3 28,2 9.0 | a5
3 1 ! é i 24.0 ‘ 4.0
1A A j |
i A | !
4 'Ellm- i 2465 0a75
5 ! ticall 3 Major cxis 1045 2842 5e25 | 1a5
6" | % ,hlnor axis 3e5 14,0 | 440
| - |
i 1 | {
7 |BEllip= ltinjor axis 13425 R0 | OuRs
8 ! ticali 5 !Minor axis 265 28.2 450 | 15
9 | ' 1066 | 440
| ! : b :
(R v 1 |
10 [ | Width 5e125 |- Beg- ot W75
11 |Square 1 | 2840 1 5 1 W5
12 | | | Depth 59125 20675 | 40
i |
B— |
13 {Rec= ' | Viidth 941875 2¢3 | 0s75
14 tan=- |’ 3 { 28.0 406 ‘l 1.5
15 gular ! Depth 3406 12425 | 440
b |
o , |
16 |Recc= | | Width 11.875 1.8 | 0e75
17 ; ton= | 5 | 28.0 35 | Tab
18 | gular | Depth 24375 | 95 ; 440




———=— — it the oross sections of the straight duct, selected for
static-pressure measurements, four pressure taps were located
in the same transverse plane. In the case of the round ducts,
the wall taps were spaced equally around the circumference.

In the ducts of elliptical cross section, taps were provided

on the major and minor axes = one on each side. For ducts made
of galvanized iron, these taps were drilled with a No. 40 drill.
In the case of ducts made of wood a thick-wall brass tube with
a 1/32-inch~diameter hole was inserted in the wall, filed flush
with the inside surface. Burrs were carefully removed and, in
the case of the wooden ducts, pattern wax was applied in crev=-
jces to insure a perfectly smooth and regular surface in the
vicinity of the pressure taps. The four pressure taps were in-
terconnected by a circular line from waich one connection was
led to a U tube.

Pliotographs of the test setup for a U bend of the Bex 1
rectangular duct and for a 90°=offset bend of the 5 x 1 ellip-
tical duct are shown in figures 9 and 10, respectively. The
photograph, figure 9, was taken before stiffening frames wore
anplied, while figure 10 shows the stiffening frames. In the
case of the 90%-offset bonds of the elliptical and rectangular
ducts the inlet arca of the second elbow was angularly displaced
by 90° with respect to the outlet area of the first elbow.

(See fig. 10.) The transition was accomplished by means of
two transition sections, each 1 foot long, changing the ellip-
tical section into a circular section of the same arca and,
correspondingly, the rectangular section into a square section

__of the same aree. One transition section was placed direetly
dovmstream of the second elbow. The required length of spacer
was produced by placing a piece of duct of cireular (or squarc)
section between thesc two transition pieces. For mininum
length of spacer, the two transition picces were placed flange
to flange.

CALIBRATIONS

Calibration tests of the blower, in which the speed was
held constant and the air was discharged against resistances
of the order of magnitudc to be encountercd in the ducting,
had shown that the testing equipment has ample capacity. A
characteristic performance curve of the blower at 3000 rpm
is shown in figure 3. Tho clectrical equipment was chosen to
permit very sensitive spoed control and, at the same tine, to
koep an established condition of operation constant for the
duration of the run.




As previously stated, quantity measurcments computed
from orifice~ and velocity-traverse mcasurcments agreed with-
in 2 percent. This agreement was acccpted es satisfactory.

Preliminary to the determination of coefficients of
friction of the straight duct, tests were conducted to estab-
lish the offect of approach length, that is, the length of
duct required to produce a fully developed velocity profiles
It might be expected that in the approach length the pressure
gradient is larger than the prossure gradient in the part of
the duct in which the profile is fully developed. Evidence
vwas obtained from velocity traverses and pressure moasurements
that the boundary layer decveloped very rapidly immediately
downstream of the nozzle and more slowly with increesing
distance from the nozzle, thus approaching asymptotically the
fully developed state.

The friction drop in a 6-inch-diamcter straight duct of
circular cross scction was determined for a 30=foot length
between taps, beginning 4 feet from the nozzle, and for a 20-
foot length between taps, boginning 14 feet from the nozzlce
It was observed, hovever, that it was more difficult to obtain
consistcnt pressure rcadings on the uvstream taps with the
shorter approach length than with the longers On the basis
of thesec tests, the rule was establishcd of running pressurce
drop tests with a straight approach length at lcast 15 hydrau=
lic diamectors long shead of the upstream prassure tap. In
the case of the round duct, the approach length was 28 diamctorss

Exploratory measurements of vclocity distribution showed
that in order to obtain a symmectrical velocity profilc in the
straight duct it was imperative to alinc the duct carefully.,
Slight bonds in the duct would affecct the velocity pattern
considerably. Care was thercfore taken in all tests that the
duct scections were lined up straight with cach other and with
the nozzloe

Velocity traverses were taken for the duct of circular
oross scction at the outlct of the nozzle (fige 11) and at a
point in the straight duct 28 diamcters downstrean of the
nozzle, which correcsponds to thc location of the inlet of
the first elbow in the elbow tests (fige 12). The straight
duct was continued 20 diamcters downstreem when it opcned
into atmospherce Figure 12 shows the velocity patterns with
test points plotted for wurious speecds.




TESTS

The tosts deal with three principal aspects of the in-
vestigation, namely,

1. The debermination of friction coefficicnt for the
straight duct

2, The neasuroment of pressure drops of single elbows

3, The mcasurement of pressurc drops of compound el=-
bows in three diffcrent arrangoments, rcferred
to as Z=bend, U-bond, and 90°-offset bend, as
indicated in figure 1

Some measurcments were made of the veloeity distributions in
the scparatcd rogions downstrcam of the single circular slbows.
Additional qualitative measurcments of the velocity fluctua-
f£ions in these rogions were made with a hot wire and an oscil=-
logrophe Veloeity and stroam-angle survoys wero also made at
the outlet of a compound bend in a circular ducte The tects
were madc at mean air veloeitics in the duct of 100, 200, and
300 fectper second and at lower ond intcrmediate specds when
nceoessarye RThcsc velogitics covered a Recynolds number rengs
from 2 x 10° to 8 x 10° for the circular duct and a corres-
ponding range of slightly lowor Reynolds numbcre for the other
ducts booause of their lower hydreulic diameter.

The prossure drop of the single and compound bends was
measured by means of static-pressure orificcs 1 foot upstrcam
of thc inlet of the first clbow aend 4 fect downstroem of the
outlot of the sccond clbow, cxcept for the singlc clbows of
circular cross sccbion, for which the downstrcam pressure tap
was only 2 fect {rom the outlect of the elbow.

In addition to the rcadings necessary for tho determina-
tion of quantity of flow and of pressurcs, 1t was found neccs=-
sary to mweasure air tempcratures both on the inlct side and the
discharge side of the blowerj; therc was a considcrable tompero=-
ture incrcase, particularly for duct arrangements af “high re-
sistanco.




SYuBCLS

friction factor of straight duct at Reynolds number R
of test

Roynolds number (pVd/u)
mean velocity in the duct

mass density at temperaturc and pressurc of air at
blower outlet

absolute viscosity et temporaturc and pressure of air
at blowcr outlct

measurcd pressurc drop betwecn taps
net prossure drop

- { L Lo
dynamic precssure \E pv

dcveloped length between inlct flange of first elbow
and outlet flange of sccond clbow

distance of upstroam pressure tap from inlet flange
of first clbow

distancc of dovmstrcam pressure tap from outlet flange
of sccond clbow

length of straight duct betwecn upstream and downstrecam
elbows
radius of Curvaturc of ccunter line of clbow

/
: 4 [ 4 x arca
hydraulic diamcter of duct B
perimecter

distance betwecna inlct and outlet ducts of compound el-
bow (L =1+2r)

cross=scetional areca of duct
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RESULTS
Pressurc Loss in Straight Ducts

The rosults of measuroments of the pressure drop of the
straight duct are prescented in figure 13 for ducts of all
cross scctions tested.

This graph shows coofficicnts of frietion ¢

Op d
f:——'
q v

bascd on the hydraulic diamoter d, plotted against Rcynolds
mumbor. It is seon that, when correlated by mecans of the hy-
droulic diametor, the friction cocfficients of all cross scc=
tions investigated do not diffsr much; it is therefore possible
to draw & ocurvc through the test points that may then be ap-
plied with closc approximation to round cnd elliptical as well
as to squarc and rcctang lar cross scetionse The curve lies
slightly above the von Kérmin-Nikuradsc curve (sce reference

2, pe 144) for smooth round tubcs.

Pressure Losses in Singlc and Compound Bonds

For presentation of results, the mcasured pressurc drop

Mo was rcduccd to nondimensional form through division by

the dynamic pressure gqe. The quantity ég represcnts the

nondimensional gross pressurc drope ﬂoxé{ a nct pressure drop
OAp' was computed by deducting from the measurcd pressure drop
corrcsponding to the friction loss of a straight duct of longth
cqual to the developed lcngbh of the duct between the two pres=
surc tapse Reduced to nondimensional form, the net pressurc
drop is thus defined as

Apt  Ap /Ll + La+-L'\

e T D g

The volues of Op'/q for all ducts have beon plotted against
Roynolds number in figurcs 14 to 25, wnere, %o avoid confusion,
the oxperimental points have been omitted from most of the
curves. The scale effcct appecars to be slight for the round
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and squarc ducts; for the ducts of high aspect ratio, howevor,
the pressure drops tend to inereasc with increasing Reymolds
number (figs. 19 and 25)., In some cases (for example, fig.
15), tho pressurc drop showcd & sharp risc toward the lowost
Reynolds numbers; the data arc not sufficient, however, to
prove the existence of o critical Reynolds number in this

rangcs

The results have boen cross-nlotted in figures 26 to
28 to show the cffcct of length of spacer between elbowse
The walues of Ap'/@ shown in thesc curves are the averages
for the Ryenolds number range tested, oxcopt for thosc cascs
in which the scalc cffoct was unusually large, in which case
curves for the high and low range are showm scparately. (Sce
figse. 27(c) and 28(c).) It is clear from these volots that
the rclative radius of curvature r/d is the most important
of the factors affceting the noct prossurc drop. As comparcd
with this factor the cffect of longth of spaccr between cl-
bows may be rcgarded as being of*the nature of an intcrference.
In goneral, as the lerngbh of the spaccr is decrcased, this
interference causes a docreasc of net pressurc drop in the
case of the U~bend (fig. 24), an incrcasc in theo case of the
Z=bend (fig. 25), and aluost no chenge in the case of the
90%=0ffsot bend (fige 26)e

For the purposc of pointing out the relationship bctween
the radius ratio of the clbows % and the net pressure drop

Opt , a plot has been made in figurc 29 of the net orossurc
1
drop %; for the maximum length of spacor tested ageinst

p; 2
the inverse of the radius ratio squarcd (;%;> for ducts of
all cross scctions. This quantity wos chosed as it was sur-

miscd that, in the absence of scparation, there night possibly
be proportionality betweccn the net-pressure drop and the pres-
sure gradient in the radial dircction at the clbows Inasmuch
as such reasoning is crudec from considerations of the naturec

of the physical phenomena, the quantity (‘3’-’) , ‘though not

quitc proportional to the pressurc gradient, was considercd
adecquate as a first approximation.
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For the purposc of adapting the results of the cxperi-
mental investigation for usc in comncetion with the cstima-
tion of pressurc droos in compouncd duct berds, 3 charts
figurcs 30, 31, 32 were prepared for tha, 2. U, 8nd 90 =
offsct bonds, respcetively, On these charts werc plottcd
the net pressure drops of compound bonds of all ducts inves-

tigated against the quantity 2 Thesc graphs show a fami-
TA

ly of curves for cach duct scctiorn with the nondimensional
normal distance botweon the axcs of the upstrcom and downstream
ducts ﬁ%: ns parameterss The familiss of ourves rzlating

o A
to the various duct scetions have been plotted on onc graph
in ordor to facilitatec comparisone. Logorithmic papor was
choscr for thesc plots not becausc of any inhercnt quality
of the functionzl rolations, but becuasc it was felt that
the accurscy of preoscntation was ‘improved thercbys

Figurc 33 shows the velocity traverscs taken at the out=
lot in the symmctry planc of the single clbows. Only the
sharpest bond shows ceomplote scparation from the inner walle
A map showing the velocitics at 4 diametcers in this scction
is given in figurc 34. Owing to the prorourced fluctuation
in tho regions of separation (or of incipicnt scparation),
the velocitics measurcd hore cxcecd the two average velocitios
in the axial direction.

Some indication of the degrec of fluctuation was afforded
by thc hot-wirc measurcments. Thus, figurc 35, the ordinates
of which arc proportional to the mean local airspced, shows 2
difforent distribution from thet of the corresponding curve
nf figure 33. Oscillograms takon in the "scparation® irmer
rogion and the "smooth" outcr rcgion arc compared in figure 36e

Figure 37 shows surveys of vclocitics, static pressure,
and anglcs of flow at the outlct of a 90%=0ffs0t compound
bonde The variction in angle of flow across the duct indicates
e. pronounccd rotation of the flow. The fact that the nect
pressurc drops of the 90%o0ffsct bends are lower than those of
the U=bend and Z-bend may be traced to the offect of this ro-
tation of flow in, and downstrecam of, thc sccond clbow, which
tonds to cencrgize the boundary layer.
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CONCLUSIONS

1. Friction=drop cocfficicnts of straight ducts, if com=
puted on thc bases of hydraulic diameter, arc nearly independ=
cnt of cross=scctioncl shapce

2, The prossurc-droo cocfficients for singlc and com=
pound bends vary but slightly vlth Reynolds number in the range
of Roynolds numbers from 2 x 10°% to 8 x 10% Tho variation
docs not appear to be uniforme

3¢ The radius ratio is the most important of the vari-
ables for the three types of bend affccting the pressurc-drop
cocfficient of bondse.

4, For compound bonds, the nct precssurc drop deercases
with decrcasc of spacer length in the casec of U-becnds, and
increascs with decrcase of length of spacer in the cosc of
Z-bondse Thc effcct of spacer length is very small in the
casc of the 90°-offsct bondse

5. Thorc is & rotation of tho flow downstrcam of the
90 ~offsct compound berd. This rotetion probably ac oanto
for the fact that the pressure drops ccross the 90 =offsc
bends are less than thosc across the corrcsponding U-b ,Ads
or Z=bcndse

Case School of Applied Scicnce,
Clevcland, Ohio.
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